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PERFORMANCE OF J-33-A-21 TURBOJET-ENGINE COMPRESSOR 
I - OVER-ALL PERFORMANCE CHARACTERISTICS AT EQUIVALENT 
IMPELLER SPEEDS FROM 6000 TO 13,400 RPM 
By William L, Beedo, Karl Kovach, and John W. RI Creagh 


SUMMARY 

The NACA is investigating a series of J-33 turbojet- 
engine compressors to determine the over-all and component 
performances and- to improve theories of flow through large 
centrifugal compressors. The production model J-33-A-21 
was operated over a range of inlet temperatures from 80° to 
-40° F and inlet pressures from 14 to 3 inches mercury abso- 
lute for equivalent impeller speeds from 6000 to 13,400 rpm. 

At the equivalent design speed of 11,300 rpm, the compressor 
had a peak pressure’ ratio of 3*98 at an equivalent weight flow 
of 73,4 pounds per second and an adiabatic temperature-rise 
efficiency- of 0«701. ' When the compressor speed was reduced- 
from the design speed to 6000 rpm, the adiabatic temperature- 
rise efficiency increased to 0.747* At the maximum equivalent 
speed investigated (13,400 rpm), a peak pressure ratio o’f 3«09 
was obtained at an adiabatic temperature-rise -efficiency of 
0,617 and an equivalent weight flow of 86,0 pounds per second* 

An increase in inlet pressure from 3*3 to 14 inches mercury 
absolute, with a consequent increase in Reynolds number . index, 
improved the pressure ratio but had no apparent effect on the 
ratio of temperature rise through the compressor td inlet tem- 
perature, The variation- of the peak adiabatic temperature-rise 
efficiency with inlet pressure is in the direction that would 
be expected from a Reynolds number effect. Decrease in the 
inlet temperature from' 80° to -40° F, .with a consequent increase 
in Reynolds number index, resulted in scatter, of the pressure- 
ratio data and increased- values of temperature ratio. The 
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variation of the adiabatic tempera turn- rise officiency with 
inlet tomperaturo is probably the result of heat-transfer effects 
and scatter in the pressure ratio# 


INTRODUCTION 

At the request of the Air Materiel' Command, U*S* Air 
Forces, an investigation is being conducted at the NACA Cleve- 
land laboratory to determine the performance characteristics 
of a series of J-33 turbojet-engine compressors. The objectives 
of the investigation are to increase the weight flow per unit 
frontal area of the compressor, improve the pressure ratio and 
efficiency at a given speed, and -increase the fundamental know- 
ledge of flow through large centrifugal compressors. Because 
the maximum potentialities x>f the compressor are being sought, 
a separate investigation of the compressor rather than of a 
complete turbojet engine is being made. The compressor will 
be extensively instrumented to determine the over-all perform- 
ance of the compressor, the characteristic performance of the ' 
compressor components, and the state of the air at the combustion- 
chamber inlet-guide vanes. A series of configurations of im- 
pellers and diffuser's will be experimentally investigated to 
determine possible sources of losses and to analyze improvements 
afforded bjr subsequent" modifications# Compressor performance 
augmentation, such as that offered by water injection (reference 1), 
■8r$ll also bo considered. 

I •’ 

The first investigation was made of a production model 
J-33-A-21 compressor# Runs were' made over a range of equivalent 
impeller speeds' from ; 6000 to 11, $00. rpm with an inlet pressure 
of 14 inches mercury absolute arid inlet temperature of 80° F# 
Additional runs at’ the design equivalent speed (11, $00 rpm) 
were made with an” inlet pressure of $.3 inches mercury absolute 
and inlet temperatures of 0° F and -40° F to determine the 
effect of inlet pressure and temperature on compressor per- 
formance. A run was -also made at $' inches mercury absolute 
and the highest 1 equivalent impelled speed possible, 13,400 rpm, 
the actual rotor speed being limited by the emergency rating 
of 12,000 rpm. An increase in weight flow for an equivalent 
impeller speed of 13,400 rpm necessitated decreasing the inlet 
pressure from $.3 to 3 inches mercury absolute. Compressor 
performance was determined at all inlet conditions and over 
a range of weight flows at each speed investigated. 
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APPARATUS AND INSTRUMENTATION 

Apparatus ■ 

.The J-33-A-21 compressor assembly consists of a double- 
entry centrifugal impeller, a vaned diffuser, and a compressor 
casing.. As a component of a turbojet engine this compressor 
produced a maximum pressure ratio of 3»90 at a weight flow of 
76 pounds per second with standard sea-level inlet conditions 
and an actual impeller speed 'of 11,500 rpm. The compressor 
dimensions are as follows: 

Impeller- inlet diameter, inches. v*. »■'* 18,31 

Impeller-outlet diameter, inches v • 30,00 


Number of impeller vanes, .per s.ide 31 

Diffuser inlet-vane diameter, inches 34, 06 


Number of diffuser pa ssages • « • 14 

Mean diffuser discharge diameter, inches 42,88 

Diffuser outlet passage area, square inches ,per 

pa s sage »,,».**»»,»« 10.41 

.. A photograph of the experimental setup is shown in figure 1. 
The compressor assembly (impeller, diffuser, and casing) was 
mounted inside a stagnation chamber,- which was an air-tight 
steel tank 6 feet. in diameter and approximately'13 l/2 feet 
in length (fig, 2), Three screens were fitted into the tank 
near the midsection to remove any foreign particles and to insure 
smooth flow. Because of the large cross-sectional area of 
the tank, the velocity of the air through the tank was negli- 
gible and the kinetic energy of the inlet air was assumed to 
be small. The turbine end of the compressor Was bolted to a 
bulkhead plate and fastened to the rear of the stagnation chamber. 
A single modified aircraft strut supported the accessory end of. 
the unit from the bottom of the tank to prevent the unit from 
being completely supported as a cantilever. 

The impeller was driven by a 9000-horsepower variable- 
frequency induction motor, with a maximum speed of 1793 rpm, 
through an 8,974:1 speed increaser. A splined coupling con- 
nected the speed increaser to' the compressor impeller shaft. 

The inlet air passed through a submerged adjustable orifice 
in the inlet ducting, into the stagnation chamber housing the 
compressor, and into the- compressor. Air discharged from the 
imreller through the 14 diffuser passages into 14 diffuser- 
outlet transition ducts approximately 16 5/8 inches in length, 

A- discharge duct- 3 7/8 inches in diameter and 22 5/8 inches in 
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length extended from each of the diffuser-outlet transition 
ducts to provide the space fop compressor-outlet instrumenta- 
tion. These. transition and discharge ducts have an approxi- 
mate ' over-all ■ length of 39 inches and are. not found in the 
• conventional turbojet-engine assembly. The air was then dis- 
charged .into a -central collecting chamber. Two 20- inch radial 
■outlet pipes on diametrically opposite sides of the collecting 
chamber _ discharged the. air into a common _2.4-.inch duct connected 

to the .laboratory exhaust. ,fac.i Id-ties » ‘ 

..***■*' 

Compressor inlet and outlet pressures were regulated by 
butterfly throttle valves. , The inlet ducting, stagnation chamber, 
and the 14 diffuser discharge ducts were insulated to minimize 
heat transfer between the. working fluid and the room air. 

b . * 

Instrumentation 

The weight flow through the compressor was measured by 
a submerged adjustable orifice located in a straight section 
of the inlet ducting. The pressure drop across the or if ide 
was measured by a water differential manometer. The tempera- 
ture and the static pressure. upstream of the orifice were 
measured to determine the density of the air. 

Two thermocouple rakes on opposite sides. of the stagnation 
chamber together with two total-pressure rakes and two static- 
pressure taps were used to determine the state of the inlet air. 
Each of the thermocouples and tptal-prossure tubes was located 
at the root-mean-square radius of the three annular areas. The 
.wall static-pressure taps were located -in the same plane as the 
thermocouple rakes and total-pressure rakes. All instrumenta- 
tion in the stagnation chamber was made in a plane downstream 
of the 'screens, approximately midway between the screens and 
the compressor installation* , . 

Compressor outlet measurements were taken in the 14 diffuser 
discharge ducts approximately 34 l/2 inches from the diffuser 
elbow. Two wall static-pressure taps were installed on either 
side of each duct. Two total-pressure tubes were installed 
90° from the static-pressure taps and placed at a position one 
third the passage diameter. In addition, a single thermocouple 
was located at the center of each duct. All outlet measurements 
were made in the same cross-sectional plane. 

Pressures were measured with water and mercury manometers. 
All temperatures were measured on a calibrated potentiometer in 
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conjunction with a spotlight galvanometer# The- speed of the -. 
compressor .was determined by an electric chronometric tachometer* 

The precision of the measurements"' are estimated to be within 
the following limits: 

Temperature , °F i *» . ’+'0,5 


Pressure, inches mercury absolute . +0*04 

Air- weight flow., percent . »0#50 to ~1,50 

'Speed, percent 4 • +Oi3- •: 


' : METHODS ' • • ' 

• ; The runs to determine, the over-all performance character- 
istics' of the: compressor Were made at 80 F and" at the {highest 
inlet pressure possible as limited by the power and. gear,- ratio 
of the drive unit. Runs to determine the- effbet of inlet pres- 

' "sure and •temperature were, made. The lowest inlet temperature 
; investigated .was -40° F., which could be obtained only by re- 

• ducing’ the J'ibTet pressure, to approximately 5*5 inches mercury 
’•’'absolute because.- pf- the limited quantity of refrigerated . air 

available,' ; A. 'run .was, 9-lsq . made with an frilet temperature. q? 

0° F.* ’A : summary of -the conditions ’ is given in' the fallowing 
table: . ; ' • .( 


Equivalent; : 
impeller, : , 
speed, N /\/@ 
(fpm) : 

Equivalent 
tip speed-,"- 
U//9 ■ 

(ft/sec) 

Inlet 
pressure 
(in, Hg * 
abs,*) 

Inlet tem- 
perature^- 

<°p) " 


Determine 
effect 
of * 

'6,000 
, 7,000 
8,500 
9,000 
,10,000 : 
k 11,000" 
11,500 
11,500 
1 11,500 
i 11,500 

| 13,400 

' 786 
: 916 

'■1113' 
'1178 
•1309 
' 1440 

' 1505 ■ 
1505 
1505 • 
1505 
1755- • 

• 14,0 , 
14,0 
14,0 
14,0 - . 

14.0 . 

' 14,0 , 

14.0 

•5.5 
5.5 : ' 
5*5 
y 5.0 

, 80 y. 
so/ 

8o( 

86) — .Speed 

. 8.0| , ‘ 

' 80 V 

■ -80 A __ Inlet ' 
80 ']j pressure 

. 0 > --- Inlet 

-403 temperature 

=*40 Speed 


^Room-air temperature varied from 75° to 85° F 

Ail data were corrected to NACA standard sea- level 
conditions where: 



6 


NACA HU No. SE8C15 


N actual impeller rotative speed, rpm 

U actual impeller tip speed, feet per second 

6 ratio of inlet total pressure to sea-level' pressure' ' 

0 ratio of inlet total temperature to sea-level temperature 


RESULTS AND DISCUSSION 


Effect of speed « - In figure 3,,-the pressure ratio ^ 2^1 
^ is shown as’ a funotion of equivalent weight flow ~W/©/& and 
■ , Equivalent’ volume ■ flow’ > Q//6 - - * with, efficiency contours. The 
, . ;pea!c pressure' rhtifr at* the design, equivalent speed of 11,500 
,4 rpm was' 3*98 and the- -f-l-ow- at this point was 73 *4 pounds per 
second,' ' Figure' 4 pfro se-nt-s- the .aQrr,e,s,popdi ng variation of com- 
pressor adiabatic temperature-rise efficiency T} ^ ' with equiva- 
lent vreight flow. Peak adiabatic temperature-rise efficiency 
at the design equivalent speed of 11,500 rpm was 0*701 and was 
, , .obtained at an equivalent ?;eight flow of 73*4 pounds per second* 
When the compressor speed was reduced from 11,500 to 8500 rpm, 
the peak efficiency Increased slightly to 0*710; peak efficiency 
then increased to 0,747 as the speed was reduced to 6p00 rpm, 

. The performance of the compressor at, the maximum permissible 
speed, in this' installation is shown in figure 5* A peak pressure 
ratio of 5/09 was obtained at' an equivalent weight flow of 86.0 
pounds per second and an adiabatic temperature-rise efficiency 
. of 0,617, which is O', 684 lower than that , obtained ' at the design 
speed. This drop in efficiency indicates a, critical flow con- 
dition between 11,500 and 13,400 rpm. ‘ 


Effect of ijnlet ' temperature, ' - Thd effect-- -of inlet tempera- ■ 
ture bn adiabatic terhperature-:rise efficiency /arid pressure ratio 
is presented In figure 6w The peak adiabatic temperature-rise 
'efficiency .was . .affeoted only slightly when’ the inlet temperature 
was reduced from 80° to 0^ F* The 'peak" efficiency then dropped 
0,013 when the inlet temperature was reduced to fe40° F, The effi- 
ciency at an inlet temperature of 0° F was ..higher than at 80° F 
in general, but between 0° and -40° F, the .trend is apparently 
reversed. The maximum variation in peak 'pressure ratio was 
slightly more than 6,1 ('approximately 2*5 percent). The peak 
pressure ratio increased with a drop in temperature. The effect 
of -inlet, temperature on equivalent weight flow was small (1,0 
percent) and within the accuracy of the air metering device. 

Effect of inlet pressure , r The effect of inlet pressure on 
adiabatic temperature-rise, efficiency and .pressure ratio is pre- 
sented in figure 7, The peak. adiabatic temperature-rise efficiency 
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decreased 0.010 when the inlet pressure was decreased from 14 
to 5.5 inches mercury absolute. Over the range of air flows 
obtained, an approximate decrease of 0.010 was observed at a 
constant weight flow with a decrease in inlet pressure . The 
peak pressure ratio decreased approximately 0.08 (2.0 percent) 
when the inlet pressure was reduced to 5.5 inches mercury 
absolute. The equivalent weight flow was decreased with a 
decrease in air pressure. This decrease amounted to 2.5 pounds 
per second or approximately 3 percent when the inlet pressure 
was reduced from 14 to 5.5 inches mercury absolute. Data for 
inlet pressure of 29.92 inches mercury absolute would probably 
show a corresponding- increase in weight flow. 

Effect of Reynolds number . - The variation of adiabatic 
temperature-rise efficiency, peak pressure ratio, and temperature 
ratio (t 2 - T-j_)/T]_ with Reynolds number index is 

presented in figure 8. An increase in inlet pressure from 
5.5 to 14 inches of mercury absolute with a consequent increase 
in the Reynolds number index resulted in an improved peak pres- 
sure ratio, whereas a decrease in the inlet temperature caused 
a scatter of pres sure- ratio data. Increase in the inlet pres- 
sure and Reynolds number index caused no appreciable effect 
upon (Tg - T]_)/Ti. An increase in the Reynolds number index 
with a decrease in inlet temperature from 80° F to -40° F 
resulted in increasing values of (Tg - T]_)/Tq. This trend may 
be ascribed to heat transfer. The variation in peak adiabatic 
temperature-rise efficiency with inlet pressure is in the . 
direction that would be expected from a Reynolds number effect; 
however, the variation of efficiency with inlet temperature and 
its' resultant Reynolds number index is fortuitous. This varia- 
tion is probably the result of scatter in 6ver-all px-essure 
ratio and of heat-transfer effects. 


SUMMARY OF RESULTS 

An investigation of the performance of the J-33-A-21 turbojet- 
engine compressor produced the following results: 

1. At, an equivalent design speed of 11,500 rpm the compres- 
sor had a maximum pressure ratio of 3.98 at an equivalent weight 
flow of 73.4 pounds per second and an adiabatic temperature-rise 
efficiency of 0.701. 
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2. ?/hcn the compressor equivalent speed was reduced from 
11,500 to 8500 rpm, the peak adiabatic tenpernture-risc effi- 
ciency increased slightly to 0.710; peak efficiency then in- 
creased to 0.747 as the speed was further reduced to 6000 equiva- 
lent rpm* 

3. At the maximum equivalent speed investigated, 13,400 
rpm, a. peak pressure ratio of 5*09 was obtained at an adiabatic 
temperature-rrise efficiency of 0,617 and an equivalent weight 
flow of 86,0 pounds per second. 

4. With a decrease in inlet temperature from 80° to 0° F 
the peak adiabatic temperature-rise efficiency was affected 
only slightly; the peak efficiency dropped 0,013 when the' inlet 
temperature was reduced to -40° F, Over the greater part' of 
the flow range the. efficiency at an inlet temperature of 0°' F 
was higher than that at 80° F, but then decreased as the- inlet 
temperature was reduced to -40° F. 

5... , With a decrease in inlet tomperature f ran 80° to -40° F, 
the maxim™ variation in peak pressure ratio was slightly greater 
than 0,1 (approximately .2.5 percent ). The peak pressure ratio 
obtained 1 with the inlet temperature -of 0° F was greater than 
that observed with the inlet temperature of -40° F; peak pressure 
ratio with inlet temperature of 80° F was. less than that ob- 
tained at the two lower inlet temperatures, 0 F and -40 F, 

6, The effect of inlet temperature on equivalent weight 
flow was small (1.0 percent) and within the accuracy of the 
air metering device. 

7. Peak adiabatic temperature-rise efficiency decreased 
0,010 when the inlet pressure was reduced from 14 to,5»5 inches 
mercury absolute at a constant inlet temperature of 80°'.F. 

Over the. range : of air flows obtained, an approximate decrease 
of 0,010 was observed at a constant weight flow with a decrease 
in inlet pressure, 

8. The peak pressure ratio decreased approximately 0,08 
or 2 percent when the inlet pressure was reduced from 14 to 
5,5 inches meroury absolute at a constant inlet temperature 
of 80° F. 

9, The equivalent weight flew decreased as the inlet 

pressure was reduced. This decrease amounted to 2.5 pounds 
per second, or approximately 3 percent when the inlet pressure 
was reduced from 14 to 5,5 inches mercury absolute at a con- 
stant inlet temperature of 80° F* Data fop inlet pressure of 
29,92 inches mercury absolute would probably show a corresponding 
increase’ in weight flow. . 
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10. Yariation in the inlet pressure from 5.5 to 14 inches 
mercury absolute with a consequent increase in Reynolds number 
index resulted in an improved over-all pressure ratio but 
caused no appreciable .effect on the temperature ratio. The 
variation of peak adiabatic temperature-rise efficiency with 
inlet pressure and Reynolds number index is in the direction’ 
that would be expected from a Reynolds number effect. 

11. Variation in the inlet temperature from 80° to 
-40° F with a consequent increase in- Reynolds number index 
resulted in scatter of the over-all pressure ratio and in 
increasing values of the temperature ratio; this increase is 
probably due to he.ab.^jtransf er. The variation of the peak 
adiabatic temperature-rise efficiency with inlet temperature 
and Reynolds-'- number index is fortuitous. This variation is 
probably the result of scatter in the over-all pressure 
ratio and of heat- transfer effects. 
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Figure 1. - Setup for investigating performance of J-33-A-21 turbojet engine 

compressor. 
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Installation of J-33-A-21 turbojet engine compressor 
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Figure 3. - Variation of pressure ratio with equivalent weight flow at inlet pressure of 14 inches mercury absolute and inlet temperature of 80° F. 
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- Variation of adiabatic temperature-rise efficiency with equivalent weight flow at inlet pressure of 

and inlet temperature of 80° F- 


14 inches mercury absolute 




Figure 4. 
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Equivalent weight flow, w/~0/6, lb/ sec 

I i 

I 100 1200 

Equivalent volume flow, Q//0^ cu ft/sec 

Figure 5. - variation of pressure ratio 
and adiabatic temperature-rise effi- 
ciency with equivalent weight flow at 
inlet pressure of 5.0 inches mercury 
absolute. Inlet temperature of -40° F, 
and equivalent speed of 13,400 rpm. 
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Figure 6. - Variation of compressor pres— 

& sure ratio and adiabatic temperature— rise 

efficiency with equivalent weight flow at 
inlet pressure of 5.5 inches mercury 
« absolute. 













